Syracuse University

SURFACE at Syracuse University
Theses - ALL
Spring 5-22-2021

Predicting Tight Junction Formation Via Claudin Chimeras
Patrick Matthew Marsch
Syracuse University

Follow this and additional works at: https://surface.syr.edu/thesis
Part of the Biomedical Engineering and Bioengineering Commons, and the Chemical Engineering
Commons

Recommended Citation
Marsch, Patrick Matthew, "Predicting Tight Junction Formation Via Claudin Chimeras" (2021). Theses ALL. 486.
https://surface.syr.edu/thesis/486

This Thesis is brought to you for free and open access by SURFACE at Syracuse University. It has been accepted for
inclusion in Theses - ALL by an authorized administrator of SURFACE at Syracuse University. For more information,
please contact surface@syr.edu.

Abstract
Tight junctions are vital to epithelial and endothelial barrier functions aiding in ion
transport and preventing toxins from crossing into paracellular space. Claudins, made of four
transmembrane helices and two extracellular loops, are a major part of the assembly of tight
junctions along with other transmembrane proteins. The dimer interactions of two members of
the 27-known members of the claudin family—claudin-2 and claudin-4—were analyzed. We
created claudin chimera by switching claudin 2’s extracellular loops with claudin 4’s. The
chimeras were analyzed using molecular dynamic simulations by comparing them to the natural
claudins. This analysis provided new insight into the assembly of tight junction strands that
ultimately will aid in paracellular drug delivery through barriers in the human body.
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Introduction
Tight junctions (TJs), found between epithelial and
endothelial membranes, are important structures that help
regulate size and charge selectivity across the paracellular
space found between cells.1,2 The paracellular space is
designed to transport nutrients like ions between cells and
prevent other toxins or large molecules from crossing the
area. These junctions mainly consist of proteins that
include claudins, occludins and other junction adhesion

Figure 1. An example of a
tight junction freeze fracture
image taken from electron
microscopy.21

molecules (JAM).3,4 The formation of the tight junction protein mainly relies on the ability of the
claudins and other proteins to interact with their neighbor cell’s proteins and epithelial cells.5
The ability for a claudin to interact with another claudin in the same membrane is referred to as a
cis interaction, while a claudin or any tight junction protein interacting with another protein
across the intercellular space is referred
to as a trans interaction. Claudin proteins
assemble in a lipid bilayer membrane in
dimeric and sometimes trimeric
interfaces that then form strands.6 This
means the claudins are now in pairs or

Figure 2. A graphic of the cis and trans
interactions between claudins in the paracellular
space.20

more of each other to help provide structure to the tight junction. As these strands are formed,
tight junctions are created for barrier function. Barriers like the blood-brain barrier with claudin5 are examples of these systems in the human body at work.7 While certain claudins are
expressed more often based on the tissue examined in the body, certain protein-protein
1

configurations are more favorable than others.8 Favorable configurations are more likely to be
used in these strands, and if a claudin were to be changed or mutated, a new configuration may
become more favorable than the previous one. This can then alter the strand structure by
manipulating the dimers that form the strand. Because the dimers would be changed, the
morphology of the strand should be as well, due to direct consequence.23
Until now, claudins are a 27-member family of transmembrane proteins in the tight
junction.8 The two claudins investigated, 2 and 4, are mainly found in the epithelial cells of the
intestine.8,9 To form the tight junctions, claudin proteins interact with claudins across the
intercellular space, as well as other claudin proteins on the same cell.10 The claudin (~27 kDa) is
made up of four hydrophobic transmembrane helices, numbered from 1 to 4 from the N-terminus
to the C-terminus. Claudins also have three loops holding the helices to one another, one
intracellular between helices 2 rk and 3, and two extracellular loops between helices 1 and 2 as
well as 3 and 4.10-12 The claudin family is categories into classical and non-classical claudins.11
The classic claudins have shorter extracellular domains and have similarity in amino acid
sequences.12 In contrast, the non-classic claudins have longer extracellular domains and have
lower similarity in the sequences.12
This work focuses on claudin-2 and -4, both classic claudins, and their chimeras. The
chimeras were created by replacing a sequence of amino acids in a specific claudin with the
amino acid sequence in the same position from another claudin. If the claudin is a chimera, the
original claudin number will be mentioned, following will mark which ECL loop was replaced
with the foreign claudin.13 For example, C2(C4/C2) represents that the original claudin is claudin
2, the first ECL loop was replaced with claudin 4’s ECL 1 loop amino acid sequence, and the
ECL 2 loop remained with the same amino acid natively found in claudin 2. The only exchanges
2

between claudins were exhibited through the ECL loop amino acid sequences (Figure 3). For
this experiment, Claudin 2’s ECL loops were replaced with Claudin 4’s ECL loops.

Figure 3. The amino acid sequence in alignment of the extracellular
domains of Claudin 2 and Claudin 4. The red lettering denotes an
acidic residue. The blue lettering denotes a basic residue.13
Currently, a largely accepted theory states that the extracellular loops, ECL 1 and ECL2
can help determine paracellular charge selectivity
and resistance, but not the tight junction fibril
architecture.13 This 2003 paper written by Oscar R.
Colegio et. al experimentally analyzed Claudin 2
and Claudin 4 as well as chimeras derived from the
2 and 4, where the extracellular loops from each
claudin were exchanged with the other to create
new, unnatural claudins. Six chimeras were
expressed in Madin-Darby canine kidney II cells
(MDCK): C2(C4/C2), C2(C2/C4), C2(C4/C4),
C4(C2/C4), C4(C4/C2), C4(C2/C2) (Figure 4).
Each of the six chimeras were analyzed to
Figure 4. A graphic displaying the
changes for each chimera claudin.13

determine their paracellular charge selectivity and
transepithelial electrical resistance (TER), or the
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measurement of the electrical resistance
of the cellular monolayer.
Experimentally, the researchers found
that as each chimera was tested for
TER, they found the extracellular loops
do alter the resistance to certain ions.
This result allowed the study to
conclude that the ECL loops did alter
the claudins’ respective functions. The
researchers then conducted freeze
fractures of each of the chimeras against
the natural classic claudins. The result
indicated that the extracellular domains
of claudins do not determine tight
junction fibril morphology due to the
freeze-fracture fibrils produced from
C4(C2/C2) and C2(C4/C4) were
Figure 5. These are the freeze fractures from the 2003
study, comparing the differences in shape and
branching. The comparisons between the original
claudins and the chimeras were “indistinguishable”. A,
C, E and G are the noninduced MDCK II Tet-Off cells.
Claudin 4 and C4(C2/C2) (B and F) were compared to
have “reticular and parallel fibrils densely organized on
the lateral cell borders. In contrast, MDCK II cells
expressing claudin 2 and C2(C4/C4) (D and H) show
more delicate, curved, and diffuse TJ fibrils. Bar = 250
nm.”13
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‘indistinguishable’ from the original
claudin-4 and claudin-2, respectively
(Figure 5). The analysis also describes
that the role of ECL 1 is more
contributing to TER than ECL 2 due to
an increase in TER. While this specific

fact is not directly analyzed, this current experiment shows that exchanging ECL 1 does have a
larger effect on the system, but it is also speculated the fibril architecture is changed as well.
While these freeze fractures can be scientifically valid, new methods like utilizing
PANEL, later described, can help analyze more minute details of the systems.6,18 Utilizing
molecular dynamics and computational modeling, the specific configurations can now be
observed and analyzed more thoroughly than what a freeze-fracture can provide.
The Nangia research group has conducted experiments analyzing different aspects of
tight junction proteins, specifically claudins. These experiments exclusively utilized simulation
methods through molecular dynamics. Previously, works included understanding the formation
of claudin proteins, the function of specific claudins like claudin 5 in the blood-brain barrier, as
well as creating methods to understand an energy landscape of two proteins’ cis interactions with
one another in a singular membrane.6,7 The Protein Association Energy Landscape method or
PANEL will be used for this experiment.18 Other experiments like the effect of a posttranslational modification like palmitoylation have also been investigated.
For this work, chimeras were revisited to determine if molecular dynamics and
simulations can help understand the effect of exchanging ECL loops on the tight junction fibril
architecture. While experimentally, it is believed that the morphology is not changed due to a
lack of uniqueness to each freeze-fracture obtained in the 2003 study, simulations have given a
new resolution to minute details in complex systems. Using the PANEL system, we analyze the
homodimer of claudin 2, claudin 4, C2(C4/C2), C2(C2/C4), and C2(C4/C4). Then, an
understanding of favorable configurations can help conclude the changes of the fibril architecture
through the cis interactions. This analysis can provide the initial information needed to recreate
strand systems using molecular dynamics.
5

Significance
Claudins throughout the body have different functions based on their amino acid
sequence. One claudin could be responsible for anion transport while another could only
transport cations. In the 2003 study, it was known that “expression of claudin-4 would decrease
permeability to Na+ ions to Cl- in [Darby canine kidney II cells].”13 In contrast, claudin 2 was
reported to increase cation selectivity in the same domain. Exchanging extracellular loops to
determine which part of a claudin contributes to the paracellular ion selectivity did show changes
in line with the hypothesis that the extracellular domains were players in the process.13
Understanding a potential effect of exchanging ECL loops on the claudin could result in a
change to a tight junction and later a strand of tight junctions. Tight junction strands create
barriers in areas like the blood-brain barrier where very selective materials can pass through.7
While the 2003 study discusses a lack of change to the freeze fractures collected, understanding
the changes of the configuration energies of these claudins, both natural and chimeric, at the
molecular level rather than the experimental micron level can provide insight into how strands
assemble, how selectivity is determined and how to exploit these alterations for medical benefits
like drug delivery.19 Experimental methods do not have the adequate methods to create a fully
representative system that can be understood using multiscale techniques. Using computational
methods, context for understanding how on a molecular scale, atoms are affected by changing
the ECL loops is more well inferred and subsequently understood.

6

Background
Computational Modeling. Computational modeling utilizes computing power derived from
mathematics, computer science, and physics to understand complex systems. While scientists
have utilized traditional experimental techniques to understand multiscale systems,
computational modeling enables a new resolution and an increased efficiency to analyze and
report on complex systems.14 Using this method can allow for a vast array of tools to create,
manipulate and fine-tune a particular system, which can render an accurate approximation to
how a system can react in the real world. These
parameters can be changed based on a scientist’s
needs for a specific experiment like in biological
systems with high pressure, low temperature or
other more involved variables. Computational
modeling allows scientists to make inferences
about complicated structures or events using

Figure 6. The hierarchy of the length and
time scales used in multiscale modeling to
appropriately visualize for different
resolutions.22

approximations and figurative representations,
like a flight simulator or molecular dynamics.14

Molecular Dynamics. To render an accurate simulation of any physical or chemical property of
a material or a biological molecule, molecular dynamics is the commanding approach. Using
Newton’s Laws, molecular dynamics iteratively moves a system to desired states.15 Each atom in
the molecule has a specific coordinate, x, y, and z. As each simulation starts, atoms are
“kicked,” and the rest of the atoms in the system move based on the forces exhibited in a domino
effect. Newton’s second law helps determine each iterative step as the timescale progresses for
each atom. The pre-determined mass and change in velocity create the new coordinates for each
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atom as time progresses from the net force. Any timescale can be recorded with the right
equipment and corresponding resolution, however, this project used 400-500 nanoseconds. Each
time a new coordinate is recorded can also be specified based on the delta T value addressed
(e.g., 0.02 nanoseconds). The system must also have a specified volume to maneuver in but
cannot be restricted by boundaries because the force of a protein hitting a wall is not important to
this project and could lead to unnecessary data that could bias the results.15 This problem is
solved by applying a periodic boundary condition to create an unrestricted border. Eventually,
for experiments like “equilibration,” where the goal is to maneuver each atom into its most
favorable state, each atom will move to a very low energy spot till the entire structure has
reached its lowest energy state.
Biological Simulations. Molecular dynamics has the potential to look at many different areas of
the natural sciences. Particle movement based on iterative equations calculated through
computational power rather than the need to experimentally observe it drastically increases the
possible resolution that scientists can witness in complex systems. Using a timescale and length
scale that can work with the system and still provide valid data conclusions can be drawn from is
crucial. This experiment will be using a time scale in nanoseconds and a length scale in
nanometers. These choices give a compatible resolution that allows valuable observations for
the complex biological system, a dimer of claudins embedded in a lipid bilayer membrane.
Potential energy can also be calculated through molecular dynamics. This is derived from the
non-bonded and bonded interactions within the system, which then comes from the force field
designated. Most force fields, like the one used in this experiment: Martini Force Field, are a
function of atomic positions as well as the dispersion forces present. Bonded potentials include
bond distance, valence angle, and improper torsion angle at equilibrium to approximate the
8

distribution of electron density. Non-bonded potentials are comprised of Coulomb potential and
Van Der Waals forces.16
Atomistic Simulations. Atomistic force fields utilize each atom as an independent atom with its
own coordinates and forces applied to it. Each atom’s force field has been optimized using
quantum chemical equations and thermophysical data.16 This method is designed to provide the
highest level of accuracy to the real-life physical data that could be produced experimentally.
This level of detail helps show the most refined representation of the system and thus is the
favored method for analyzing biomolecular structures. While this method is the most refined for
complex systems like analyzing DNA histones and tails, the trade-off is the amount of
computational time it takes to process large systems.16 Systems with tens of thousands of atoms
can take days, weeks or months, even with high-end supercomputing processors to be fully
analyzed. If a scientist must employ this method, one may shorten the timescale or length scale
to increase efficiency. Each natural claudin used will be a crystal structure of either Claudin 2 or
Claudin 4. The use of crystal structures provides the resolution needed to conduct accurate
experiments using atomistic simulations and then subsequently, coarse-grained simulations.
Coarse-grained Simulations. Coarse-grained simulations have been introduced as an
alternative method to atomistic simulations by employing a grouping method to drastically
reduce the number of equations in a specified system. Based on the coarse-graining method, a
certain number of atoms are bonded together to create a bead, which will then be treated as a
single interaction center. This method expands the limitations that atomistic simulations could
not handle without expensive equipment. Large time scales and length scales can now be
observed and analyzed within a convenient time frame by sacrificing some accuracy to the
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resulting structure.16 This method has been used in the Nangia research lab for protein-protein
(such as this experiment), protein-lipid and other biological interactions.6,7
Martini Force Field. In order to coarse grain a system, a force field must be applied. Martini is
not the only possible field but was the one utilized in this system. By using a four to one heavy
atom mapping scheme, Martini can drastically reduce computational load times. For this
mapping, four heavy atoms and their respective hydrogen atoms are mapped together as a bead
or an interaction center. The classification for each bead type includes charged, polar, non-polar
and apolar. Each of the four bead types are then classified further into five subtypes which are
based on their degree of polarity.16 With twenty possible bead types, Martini works well for
representing complex biomolecular systems with many biological structures.

Other factors

included in Martini are the bonded and non-bonded interactions between each bead. Bonded
interactions come from all-atom reference simulations.16 Non-bonded interactions come from the
reproduction of experimental partitioning free energies. If needed, these coarse-grained systems
can be “reversed-mapped,” or reverted to the atomistic structure. One technique to utilize this
would be to coarse-grain, equilibrate, reverse-map, and then analyze the atomistic system being
investigated. The Martini model has the ability to simulate the relative binding of lipids and
peptides and has been confirmed using experimental research.17
Protein Associated Energy Landscape (PANEL). Many studies where proteins are inserted
into a complex lipid bilayer have been explored to understand the interactions in a dimer with an
emphasis on mimicking physiologically accurate conditions. As systems were analyzed, a need
to understand the quantifications accurately emerged. This quantification of protein association
is normally based on contact mapping, interaction distances between proteins or final protein
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Figure 7. A display of the rotational space used in PANEL with regards to Protein 1 and
Protein 2. On the rotational angle space graph, θ represents protein 1’s rotation and θ’
denotes protein 2’s rotational space.18
populations, with high degrees of uncertainty.18 Recently, a new method developed by the
Nangia Research Lab called PANEL has been created to help mitigate these uncertainties. This
method surveys the rotational space around protein 1 and 2 from 0 to 360 degrees (Figure 7).
Each protein starts with a specific orientation and is then equilibrated to find its lowest energy
interaction between each other within the Van Der Waals interaction radius. The stability of
each protein-protein interaction was quantified by calculating the energy measured from their
non-bonded interactions.18 These energies are recorded and plotted to display a potential energy
profile. All orientations that the processor could validate were recorded, regardless of if the
system would exist in nature or not. Each seed geometry was randomly distributed uniformly
throughout the rotational space. This allows the user to observe favorable low potential energy
pairings and unfavorable high potential energy pairings in the same plot. Patterns can be
observed between proteins of similar nature but have different purposes, like Claudin-2 and
Claudin-4. PANEL’s objective is to sample the rotational space around each protein association
and create a quantitative data set by using random sampling and equilibration experiments. This
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method can be utilized for any given set of proteins or transmembrane structures, regardless of a
specific force field.18 The PANEL method relies on docking assay for transmembrane proteins or
DAFT to understand protein-protein or protein-lipid interactions using any system, atomistic or
coarse-grained with any sequence. This technique will allow for an optimal unbiased simulation
with the constraints used.17
PANEL Workflow. Utilizing the crystal structures generated from YASARA and the derived
crystal structures of claudin-2 and claudin-4, the PANEL method begins. All crystal structures
are converted from their atomistic form to their coarse-grained form. These structures are then
used as the input files for the process. First, the interaction radius between the proteins must be
calculated to determine the optimal distance between the two proteins for insertion into the
membrane. This script was called P_sep.py. Once
the radius has been determined, the P_setup.py
script will insert in the dimer of proteins into a
binary compositional lipid membrane and initial
seed geometries will be created. The DAFT
method will then be used to create different
rotational orientations of each protein dimer, which
will each be known as a seed. The number of these
seeds will be around 2700 seeds per protein pair.
Each seed will then complete an energy
Figure 8. A simplified workflow of the
PANEL method through its python
scripts in order.18

minimization, NVT analysis, NPT analysis and
PROD analysis. The energy minimization is

required because the initial geometry is not equilibrated, the system would be high in energy.
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Because the goal is to investigate configurations with favorable energy patterns these tests are
necessary to obtain reliable data results. The NVT and NPT analyses are more developed forms
of the equilibration of the system each holding their respective values constant (Number of
atoms, Volume/Pressure, Temperature). The PROD or production run is set for a certain amount
of time, for this experiment each chimera was listed for 500 nanoseconds. Each production run
for each seed geometry was independent of each other. Using the P_analysis.py script, the
trajectories, the orientations, and the dimer angles with their corresponding energies were
obtained. If the distance between each protein exceeded the initial interaction distance, that
particular seed was filtered out. The dimers were then extracted from the lipid bilayers and the
analysis landscapes were generated. The final script to be used is the P_result.py that generates
the visualized landscapes for analysis. The graphs generated include a grid coverage graph, a
population graph, a minimum energy landscape and an average energy landscape. Each graph
tells a part of the story of the configurations and should be used simultaneously with each other
for complete context. The initial interaction radius was manipulated to obtain optimal grid
coverage.
Methods
To analyze the fibril architecture of tight junctions using claudin dimers, cis interactions
must be investigated to help draw conclusions about the contributions of ECL loops and the
transmembrane termini of claudins in tight junction formation. First, each chimera was created
in YASARA using an amino acid sequence modifier. Initially, each chimera had a specific
amino acid sequence that was implemented on a template atomistic Claudin 2. Once each
chimera was created and equilibrated in YASARA, they were then coarse-grained using Martini
v2.2 force field. Each chimera would then be embedded in a bilayer lipid membrane as a dimer.
13

The lipid membrane used consisted of dipalmitoylphosphatidylcholine or DPPC and 1,2dioleoyl-sn-glycero-3-phosphocholine or DOPC in a 1:1 ratio. This system also contained
Martini Coarse-Grained Water with a NaCl salt concentration of 0.15 M. These conditions are
used to give a realistic environment to the claudin dimers for accuracy in simulated results. All
systems were then equilibrated again, and the simulations were performed in GROMACS
version 2018.1, and visualization was created using Visual Molecular Dynamics (VMD)
software. Each production run included minimization using isothermal-isochoric and
isothermal-isobaric equilibration. Each was conducted to simulate 25 nanoseconds and 50
nanoseconds respectively. Each new coordinate was written at a time step of 20 femtoseconds.
The environment had a temperature of 310.15 K with a pressure of 1 bar, and a compressibility
factor of 4.5x10-5 bar -1. The classic claudins 2 and 4 were analyzed through PANEL prior to this
experiment and had a run time of 400 nanoseconds. The chimera claudins had a run time of 500
nanoseconds. This change is assumed to have a negligible effect on the analysis. Each chimera
was then analyzed through the PANEL method. All claudins, chimera and natural, were then
investigated to determine favorable configurations using PANEL’s provided contour plots.
Arrow plots were constructed to provide qualitative evidence of favorable energy zones. Each
arrow represents the initial configuration with respect to the angle θ in each protein from before
the equilibration to after. The same systems also underwent a square analysis. Each white
square represents an area in which a seed stayed in a configuration and/or seeds converged on
that particular configuration due to its stability.
Results and Discussion
The claudins analyzed for this work include the classic claudins 2 and 4, as well as three
chimeras named C2(C4/C2), C2(C2/C4), and C2(C4/C4). Specifically, we examined the
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interactions of each claudin interacting with itself (e.g., Claudin 2 interacting with Claudin 2
only) to determine inferences on the behavior of the proteins when interacting on the same cell.
After each claudin had been simulated through PANEL, each homodimer system had a
minimum energy plot, average energy plot, frequency plot, and grid coverage plot. Each system
was sampled using θ = {x|0 ≤ x ≤360°} and θ′ = {x|0 ≤ x ≤ 360°} for the rotational space and
each plot had at least 85% coverage with defining characteristics on each 2-D contour plot

Claudin 2

Protein-2 angles (degrees)

generated.

Claudin 4

Protein-1 angles (degrees)

Protein-1 angles (degrees)

C2(C4/C2)

Protein-2 angles (degrees)

Protein-2 angles (degrees)

Protein-2 angles (degrees)

Protein-1 angles (degrees)

Protein-1 angles (degrees)

C2(C2/C4)

Protein-1 angles (degrees)

C2(C4/C4)

Figure 9. The energy contour plots of homodimers producing cis interactions of Claudin 2, Claudin 4,
C2(C4/C2), C2(C2/C4) and C2(C4/C4) are shown. Claudin 2 and 4 are used are reference controls to
compare their contour plots to the chimeras and evaluate for similarities and differences. Areas
circled in black are examples of areas with high frequency, found in figure 10. In all claudins present,
an area near (100o, 100o) is present, showing a possible shared favorable configuration. The scale is
set from zero with no interaction between claudin present to up to -1200 kJ/mol where the most
stable configurations are found.
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These plots can help the understanding of how changes in the amino acid structure can
molecularly alter the configuration exhibited after equilibration, simulating the conditions of the
natural world. The potential energy landscapes plots generate a profile that can help define the
relative stability of each configuration sampled. Global and relative energy minima can be
interpreted which can show configurations that are of higher probability to exist in nature during
a cis assembly. Each energy potential is a summation of all the non-bonded interactions denoted

Protein-2 angles (degrees)

Claudin 2

Protein-2 angles (degrees)

as kJ per mole.

Protein-1 angles (degrees)

Protein-1 angles (degrees)

C2(C4/C2)

Protein-2 angles (degrees)

Protein-2 angles (degrees)

Protein-2 angles (degrees)

Protein-1
ECL1 angles (degrees)

Claudin 4

Protein-1 angles (degrees)

C2(C2/C4)

Protein-1 angles (degrees)

C2(C4/C4)

Figure 10. The corresponding frequency plots paired with each respective energy plot can help show
global energy minima and with high frequency, can show probable configurations.
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To aid in finding these configurations arrow plots were created to show where a singular seed
started versus where it ended in terms of rotational space. If a rotational configuration is

Claudin 4

Protein-1 angles (degrees)

Protein-1 angles (degrees)

C2(C4/C2)

Protein-2 angles (degrees)

Protein-2 angles (degrees)

Protein-2 angles (degrees)

Protein-1 angles (degrees)

Protein-2 angles (degrees)

Claudin 2

Protein-2 angles (degrees)

favorable, arrowheads would converge from all areas towards a specific zone (Figure 11).

Protein-1 angles (degrees)

C2(C2/C4)

Protein-1 angles (degrees)

C2(C4/C4)

Figure 11. While noisy, areas blackened by the arrow density show favorable configurations based on
where a seed began its configuration before to after equilibration. Some areas are highlighted in
figure 9.

Similarly, another method to help determine favorable configurations was also used for analysis.
The square method harnesses a simpler qualitative analysis. The landscape observed in Figures
9, 10, and 11 is changed to a 36 X 36 grid of squares. Each square represents a 10o by 10o area.
If a square lights up white, that means the configurations starting in that area stayed there
throughout the equilibration and/or configurations migrated from their original squares to the
now lit up squares (figure 12).
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Protein-2 angles (degrees)

Protein-2 angles (degrees)

Claudin 2

Protein-1 angles (degrees)

Claudin 4

Protein-1 angles (degrees)

C2(C4/C2)

Protein-2 angles (degrees)

Protein-2 angles (degrees)

Protein-2 angles (degrees)

Protein-1 angles (degrees)

Protein-1 angles (degrees)

C2(C2/C4)

Protein-1 angles (degrees)

C2(C4/C4)

Figure 12. Another major analysis tool using the square method shows areas where many
confirmations had migrated and/or stayed as a result of equilibration. Areas near (100, 100) continue
to be a major configuration, where ECL 2 loops are interacting.
Each method presented continues to show a trend between the data that not only are
major configurations shared, but also major configurations are also different between each of the
five systems. As each configuration is statistically analyzed, it can be assumed that any
configuration with a stable energy state, such as the areas lit up in figure 12, can be used in a
tight junction strand. While configurations of high energy certainly could be used in strands in
nature, it is highly unlikely. From these results, it is speculated that the tight junction
morphology could be altered with the replacement of certain ECL loops. Because certain
configurations would be more stable in one claudin variation compared to another, the
probability of the exact same configuration being used between each claudin variation seems
more unlikely. While certain geometries are shared between each claudin, uniqueness may be
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exhibited between each strand. Each new configuration introduced into a strand has the chance
to alter the shape of the strand.
Conclusions
The PANEL method creates a new resolution for understanding the interactions
transmembrane proteins have in a biologically congruent environment. In this study, an
investigation understanding the stability of chimera dimers compared to natural claudin dimers
helps deduce the morphology of tight junction fibrils. Initially, five claudins including three
chimeras and two natural claudins were sampled at over 85% of all configurations present in the
θ = {x|0 ≤ x ≤ 360°} and θ′ = {x|0 ≤ x ≤ 360°} rotational space. These results allow deductions
about the overall stability of each dimer as well as speculation about the tight junction fibril
morphology. Because each claudin dimer produced a unique energy contour plot, frequency
plot, arrow analysis and square plot, it is inferred that dimer interactions can be different when
exchanging loops which could subsequently change the strand assembly. If a new configuration
is exhibited in C2(C4/C2) and not Claudin 2, that new configuration could be used in a tight
junction strand assembly. If this were to occur, structures in the strand could be altered.
Further Directions.
Going forward, the low energy state configurations will be used in a simulation of the
tight junction strand using molecular dynamics. Currently in development by the Nangia
Research Group is a simulation-based method to model tight junction strands using a statistical
analysis based on the frequency and stability of certain configurations present in the contour
maps provided. The strand plots can be created with very few or thousands of dimers to simulate
the characteristics of a strand. With this method, understanding how a chimera can differ from a
natural claudin will provide new insights into the contributions of each part of a claudin. Paired
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with PANEL, this method could also be used to investigate other dimers of claudins or other
transmembrane proteins. A large study with multiple claudins could be done where various
dimers could be created to understand the effects of each ECL loop on each claudin could be
conducted. By understanding the contribution of each amino acid segment of claudins, new
molecular insights about the paracellular pathway could ultimately aid in understanding the
toughest barriers in the human body for drug delivery.
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